Magnetic resonance imaging (MRI) is the most commonly used noninvasive imaging modality for epilepsy diagnosis, etiologic classification, and management. MRI is mandatory for all patients with new onset epilepsy, particularly for those who do not respond to medication. The primary aim of MRI scanning in an individual with epilepsy is to uncover abnormal brain regions that are associated with seizures. Modern MRI-based methods may be used to reveal discrete structural and functional brain abnormalities or distributed network changes. In this article we review recent developments in MRI for individuals with epilepsy.
scan time or increase spatial resolution of the acquisition. Susceptibility effects also increase at higher fields, which, depending on the application, may be an improvement or a disadvantage. Increased susceptibility effects lead to increased signal difference between oxygenated and deoxygenated blood, which improves fMRI. Conversely susceptibility artifacts, for example at the bone/tissue interface, are worse at 3T relative to 1.5T; however, there are methods for mitigating these artifacts, such as increasing bandwidth or decreasing echo time and slice thickness.
A useful current development for structural imaging of epilepsy is the availability of multiple channel receive coils on modern MRI scanners.
Multiple channel coils are available from all major commercial MRI manufacturers, and although these coils may be a tight fit for people with large heads, the latest generation of multichannel head coils use an improved design to address this matter. Each coil detects signals from nearby tissue, and reconstruction algorithms are used to combine these signals to generate a whole brain image. The use of multichannel head coils allows for either a shorter acquisition time, which can minimize motion artifact, or increased spatial resolution for the same acquisition time as an equivalent single channel coil acquisition. Higher spatial resolution is desirable because it allows the reader to identify subtle brain abnormalities.
The use of multiple receive coils is referred to as parallel imaging and can be used for both T1-and T2-weighted imaging.
The use of parallel imaging in combination with a turbo spin-echo 3D acquisition allows for the acquisition of 3D T2-weighted and fluid-attenuated inversion recovery (FLAIR) images in a clinically feasible acquisition time (e.g. 7 minutes). Like T1-weighted 3D acquisitions, these images can be resliced to any desired viewing plane (see Figure 1 ). T2-weighted and T2-FLAIR acquisitions are sensitive to pathologic damage in tissue and in particular are useful for detecting abnormalities in focal epilepsy cases, such as hippocampal sclerosis and some types of focal cortical dysplasia.
More specialist acquisitions are available such as double inversion recovery MRI and MP2RAGE, which is a variant of the well-known MPRAGE acquisition. Double inversion recovery MRI isolates the signal from gray matter by nulling both white matter and cerebrospinal fluid (CSF) signals using carefully timed application of two inversion pulses. The resulting image primarily comprises gray matter and has been found to be useful for identifying candidate neocortical brain abnormalities in individuals with cryptogenic focal epilepsy, 5 and may be useful for further surgical planning procedures, such as intracranial electrode implantations. 6 MP2RAGE is a more recent method that is used to generate images with two inversion times, which are then combined arithmetically to generate a single image that is free from bias field and transmit field homogeneity. 7 These images have good gray-white matter contrast and are very 'flat,' which means they will be useful for quantitative image analyses. Findings at 7T suggest that the high contrast associated with MP2RAGE images can be used to identify individual thalamic nuclei and hippocampal substructures. 8 The thalamus and hippocampus are often implicated in epilepsy disorders, so it is likely that this new acquisition will be useful for future epilepsy imaging applications.
Quantitative Analysis of Structural Magnetic Resonance Imaging
Structural MRI data may be postprocessed in order to allow a statistical Voxel-and surface-based approaches have also been applied to T2-weighted and FLAIR imaging, but to a lesser extent than T1-weighted MRI, presumably because high-quality 3D T2-weighted MRI has only recently been available. 21, 22 These techniques work on a similar principle as described above, but may be used to detect pathology-related signal intensity increases (as opposed to morphologic changes, which are typically assessed using T1-weighted MRI) in hippocampal sclerosis or focal cortical dysplasia. 23 In the case of surface-based methods, the T1-weighted MRI scan is used to model the cortical surface and the local signal in the T2-weighted or FLAIR MRI is mapped onto the cortical surface. Recent work has been carried out to combine T1-and T2-weighted imaging modalities to obtain surfaces that putatively map myelin content. 24 Combined T1 and T2 voxel-based approaches have been used to objectively map T2 relaxation time and volume changes in TLE over the brain. 25 Additional methods exist that target specific brain structures. The hippocampus is often a potential surgical target in TLE. Hippocampal segmentation from T1-weighted MRI is used to measure hippocampal volume, which can be used to identify hippocampal sclerosis and lateralize 
Functional Magnetic Resonance Imaging
One of the primary applications of fMRI is to identify eloquent cortex and map language and memory networks prior to surgery. There are a number of studies that use task-based fMRI to investigate how memory is affected by temporal lobe resection for epilepsy treatment. [30] [31] [32] [33] Resting state fMRI paradigms may be used to lateralize language function. 34, 35 It is a topic of current debate whether fMRI-based methods may be used to replace the Wada test for language lateralization. Statistical comparison of images is used to identify regions in which there are signal differences due to blood oxygenation; there is strong evidence that BOLD contrast corresponds to some aspects of local neural activity. 36 fMRI methodologies may be broadly categorized into (i) task-or eventbased analyses or (ii) functional connectivity analyses. Task-based methods involve the performance of a task in the scanner while BOLD MRI is being acquired. Statistical modeling of voxel-wise signal changes over time is used to identify voxels in which BOLD contrast is significantly changed during task performance. In this way brain regions that are active during a specific task may be identified. Electroencephalography (EEG) acquired in-scanner with a simultaneous BOLD acquisition can be modeled using event-related fMRI analysis. This is a sophisticated approach that leverages the high temporal resolution of EEG with the spatial resolution of MRI in order to image cortical regions that are associated with epileptogenic brain activity. 37, 38 One of the challenges with this technique is to minimize noise caused by the use of electrodes in the scanner. 39 It has long been known that epilepsy-related electrical activity occurs between spatially separate brain regions, such as the thalamus and neocortex. 40 There is considerable interest in using fMRI methods to probe correlated activity in vivo. Functional connectivity analysis uses BOLD imaging to infer functional connections between brain regions by examining voxel to voxel correlations of signal intensity. These analyses may be undertaken while the participant is carrying out a task in the scanner, or while at rest; the latter is known as resting state fMRI. Resting state functional connectivity approaches are attractive to clinical researchers because they overcome the requirement of task performance in the scanner, and have the potential to provide information 41 The consistent observation of the default mode network across subjects has led to extensive investigation of the properties of this network in epilepsy and other diseases. An example of recent research is the identification of development-related changes in default mode and salience networks in children with localization-related epilepsy. 42 We refer the interested reader to the following review papers for further information about resting state fMRI analysis.
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Diffusion Imaging
White matter pathways may be examined using diffusion weighted imaging (DWI), and therefore allows for the investigation of structural connections between cortical and subcortical brain regions. The method uses diffusion weighting gradients applied along a number of directions in the scanner, which provides an image with a signal that is dependent on local diffusion of water protons in tissue. In white matter, diffusion is restricted across axons and is relatively higher along the length of axons. DWI is then processed using software-based methods in order to reconstruct white matter pathways noninvasively, particularly in voxels in which the majority of axon bundles are aligned. 45 Tractography refers to modeling techniques that are used to infer the 3D structure of white matter pathways from DWI data (see Figure 3) . A particularly challenging factor in DWI research is how to model diffusion in voxels in which axons are oriented in more than one direction; this is known as the crossing fiber problem and has been estimated to affect up to 63-90 % of white matter voxels in the brain. 46 The widely used diffusion tensor model has been shown to be inadequate for modeling fiber orientation in the presence of crossing fibers, and newer high angular resolution acquisitions (HARDI) and modeling techniques, such as constrained spherical deconvolution, have been developed to address this matter. 45, 47, 48 The development of methods for objective, whole-brain analysis of metrics derived from diffusion imaging data is an active field of research. A challenge for these methods is to accurately coregister white matter pathways across subjects. Example methods for whole brain analysis of metrics derived from diffusion MRI include tract-based spatial statistics (TBSS) and apparent fiber density analysis. 49, 50 Because diffusion MRI is able to map white matter pathways that connect brain regions, there are numerous studies that apply diffusion imaging to epilepsy, in particular to TLE. As mentioned previously, it may be used to identify optic radiations and therefore used to plan anterior temporal lobe resections. Beyond this application, the clinical utility of diffusion imaging methods over conventional structural MRI is still unclear; for example, a study from 2007 did not find any evidence for improved lateralization of TLE patients who were unable to be lateralized using structural MRI. 51 However given the demonstrated sensitivity of diffusion imaging-based methods to brain changes in TLE, it is likely that recent developments in diffusion acquisition and analysis will increased the utility of this method for epilepsy.
Magnetic Resonance Spectroscopy
The properties of magnetic resonance spectroscopy (MRS) allow many cerebral compounds associated with brain metabolism to be evaluated.
MRS has been applied to study both clinical and research aspects of It has also been known that mild to moderate oxidative stress can also cause major abnormalities in gamma-aminobutyric acid (GABA) and glutamate. Studies show that GABA neurotransmission and metabolic function might be correlated, certainly in the ictal regions. Recent work suggests that GABA measurements using MRS at high field can identify abnormal levels in regions close to the epilepsy focus in TLE and also at a distance reflecting abnormal pathways or metabolic dysfunction.
MRS work in patients with structurally identified cortical malformations has revealed that NAA changes are specific to the epileptogenic zone, and are 'normal' in patients whose seizures are well controlled. Furthermore, in patients with ongoing seizures, the regions that are anatomically abnormal but nonepileptogenic also display normal NAA levels. Following these early studies, MRS has not been widely adopted for clinical use, due to relatively high technical requirements for successful implementation. The requirement of high magnetic field homogeneity has been noted as a concern for the clinical use of MRS in epilepsy and limits brain coverage in the temporal lobes, which is an important target for individuals undergoing presurgical assessment. Technical improvements have overcome these limitations and the recent development of spectroscopic imaging methods has been shown to be useful for identifying metabolite differences in both temporal lobe and neocortical epilepsies at both 3T and higher field strengths.
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Conclusions
Advances in MR hardware, computational power, and analysis techniques and the use of multi-image coregistration are improving the detection rate of abnormalities in patients with epilepsy. It is likely that with higher magnetic field strength, such as 7T and higher, multichannel receiver coils, faster imaging sequences, and large database analytical techniques we will be able to detect a higher rate of abnormalities in many patients that presently are considered idiopathic or cryptogenic in etiology. n
